Electroporation can deliver DNA efficiently and safely to tissues in live animals, including the lung where it causes little inflammation or lung injury. In contrast, cationic lipidmediated gene transfer has been shown to induce an inflammatory response caused by unmethylated plasmid CpG residues, which activate the toll-like receptor (TLR9) signaling pathway. As TLR9 is located in the endosomal/ lysosomal compartment, we hypothesized that plasmids do not activate TLR9 during electroporation because they enter the cytoplasm directly through transient pores in the plasma membrane. To test this, plasmids were transfected into kidney epithelial cells overexpressing TLR9 (HEK293-TLR9+) and cells lacking TLR9 (HEK293-TLR9-null). Interleukin (IL)-8 expression, an indicator of TLR9 activation, increased more than 10-fold at 24 h post-liposome transfection in HEK293-TLR9+ cells, but showed no significant increase in electroporated cells, compared with untransfected cells. In vivo liposomemediated gene transfer caused increases in IL-6, IL-12, tumor necrosis factor a and interferon g in mouse bronchial alveolar lavage fluid, whereas the levels of these cytokines were more than 10-fold lower by comparison following electroporation. Depletion of alveolar macrophages suggested that this inflammatory response is mediated by resident pulmonary epithelial cells. These results suggest that electroporation-mediated gene transfer bypasses the TLR-9 pathway, thus accounting for the low levels of inflammation seen with this approach.
Electroporation can deliver DNA efficiently and safely to tissues in live animals, including the lung where it causes little inflammation or lung injury. In contrast, cationic lipidmediated gene transfer has been shown to induce an inflammatory response caused by unmethylated plasmid CpG residues, which activate the toll-like receptor (TLR9) signaling pathway. As TLR9 is located in the endosomal/ lysosomal compartment, we hypothesized that plasmids do not activate TLR9 during electroporation because they enter the cytoplasm directly through transient pores in the plasma membrane. To test this, plasmids were transfected into kidney epithelial cells overexpressing TLR9 (HEK293-TLR9+) and cells lacking TLR9 (HEK293-TLR9-null). Interleukin (IL)-8 expression, an indicator of TLR9 activation, increased more than 10-fold at 24 h post-liposome transfection in HEK293-TLR9+ cells, but showed no significant increase in electroporated cells, compared with untransfected cells. In vivo liposomemediated gene transfer caused increases in IL-6, IL-12, tumor necrosis factor a and interferon g in mouse bronchial alveolar lavage fluid, whereas the levels of these cytokines were more than 10-fold lower by comparison following electroporation. Depletion of alveolar macrophages suggested that this inflammatory response is mediated by resident pulmonary epithelial cells. These results suggest that electroporation-mediated gene transfer bypasses the TLR-9 pathway, thus accounting for the low levels of inflammation seen with this approach. Toll-like receptors (TLRs) play a critical role in the early innate immune response to invading pathogens by recognizing pathogen-associated molecular patterns. Stimulation of these TLRs activates signaling cascades that lead to induction of a number of pro-inflammatory cytokines, including interleukin (IL)-6, IL-8, IL-12, tumor necrosis factor (TNF)-a and interferon (IFN)-g. 1 Ten TLRs have been identified in humans and 13 have been identified in mice. Among these TLRs, TLR9 recognizes unmethylated CpG motifs in bacterial DNA, 2 accounting in large part for the innate immune response to bacterial pathogens and plasmids during gene delivery in vivo.
In non-viral gene therapy, unmethylated bacterial plasmid vectors can potentially activate the TLR9 pathway and cause acute inflammation. Although liposomemediated gene transfer is an efficient and major method for non-viral gene delivery that can achieve high-level gene expression, inflammation and toxicity associated with this approach is of concern.
3,4 Encapsulation of CpG oligonucleotide (ODN) in liposomes can increase the inflammatory response to these oligonucleotides, 5, 6 and the inflammatory response is more severe with lipidcomplexed plasmids than with naked DNA, 7 suggesting that liposomes can act as an adjuvant for CpG-induced inflammation. In another study, the duration of expression of plasmid DNA complexed with liposomes was reduced compared with that of naked DNA, 8 which might be related to an increased inflammatory response to the lipoplex. Because these inflammatory responses are caused by unmethylated CpG motifs in plasmids, methylation or elimination of CpG sequences from the DNA can substantially reduce inflammation and increase the duration of gene expression, as has been demonstrated. [9] [10] [11] [12] [13] For gene therapy to be successful, safe and efficient gene delivery methods must be developed. We have developed a technique to transfer genes to all cell types in the lung, even those 'buried' beneath the epithelial layer (i.e., smooth muscle, fibroblasts and endothelial cells) using electric fields to create transient pores in the plasma membrane that allow the entry of normally impermeable macromolecules into the cytoplasm.
14 We have applied this to the mouse and rat lung and obtained high levels of reporter and therapeutic gene expression in all cell types. 14, 15 Moreover, this gene transfer is very safe, with no apparent trauma, lung injury or inflammation as assessed histologically and by measurement of pro-inflammaotry cytokines and chemokines in bronchial alveolar lavage fluid (BALF) and lung homogenates. 14, 15 This lack of inflammatory response is very different to that seen with viral vectors or even liposomes. In this study, we wanted to determine the mechanisms for this lack of inflammation.
Although most TLRs are located within the plasma membrane, TLR9 is located in the endoplasmic reticulum (ER) and redistributed on stimulation to the CpG containing endosomal compartment. [16] [17] [18] It has been reported that internalization and endosomal maturation is required for CpG activation of TLR9 signaling. 19, 20 As electroporation permeabilizes the plasma membrane and allows direct entry of plasmids into the cytoplasm, bypassing endocytosis, 21 we hypothesize that electroporation-mediated gene transfer of plasmid DNA bypasses the TLR9 pathway, explaining the relative lack of inflammation seen with this method.
To investigate the role of TLR9 in liposome and electroporation-mediated gene transfer, we first tested the activation of IL-8 in several cell lines that express different levels of TLR9. Wild-type kidney epithelial HEK293 cells and those stably transfected with an empty vector (HEK293-TLR9-null) have very low levels of endogenous TLR9, but when stably transfected with a vector-expressing human TLR9, HEK293-TLR9+ cells express 10 000-fold higher levels of TLR9 based on the threshold cycle (C t ) needed to detect product (14 cycles 6 cells were suspended in Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal bovine serum, placed in cuvette with a 4 mm gap, and electroporated at 160 V with a capacitance of 950 mF using a Bio-Rad Gene Pulser II. For liposomal gene delivery, DNA was complexed with 10 ml of Lipofectin, incubated for 30 min, diluted into DMEM without serum and added to cells, as described by the manufacturer (Invitrogen). Transfection efficiency was evaluated 24 h after transfection. (b) HEK293-TLR9-Null, HEK293-TLR9 + cells (InvivoGen, San Diego, CA, USA) and A549 cells ATCC (American Type Culture Collection) were maintained in DMEM supplemented with 10% fetal bovine serum, kanamycin, antibiotic/antimyotic solution (Invitrogen) and 10 mg/ml blasticidin (HEK293 cells only). Cells were transfected with 5 mg pEGFP-N1 using different conditions as indicated. Alternatively, cells were electroporated in the absence of plasmid DNA, and 10 min later, the CpG-containing oligonucleotide ODN M362 (InvivoGen) was added to the cells at a final concentration of 10 mg/ml (EP+ODN). Twenty-four hours later, total RNA was isolated and 500 ng was used for reverse transcription. One-tenth of the cDNA was subjected to quantitative polymerase chain reaction. The expression of IL-8 is normalized to the expression of GAPDH. Fold of increase is over the untreated cells. Mean levels7s.e.m. are shown (n ¼ 4). (c) Twenty-four hours after transfection, IL-8 protein levels in cleared supernatant from 1 ml of culture medium were measured using a human IL-8 ELISA kit (BD Biosciences, San Diego, CA, USA). Mean levels7s.e.m. are shown (n ¼ 6). Total RNA was isolated using the Qiagen RNeasy Mini Kit (Valencia, CA, USA), and 500 ng of the total RNA was used for reverse transcription using the TaqMan Reverse Transcription Reagents Kit (Applied Biosystems, Branchburg, NJ, USA). Onetenth of the cDNA was subjected to quantitative PCR using primers and a TaqMan probe for human TLR9 (Applied Biosystems). GAPDH was used as a loading control.
Electroporation-mediated transfer of lungs R Zhou et al less for HEK293-TLR9+; Table 1 ). Human A549 lung adenocarcinoma cells display a moderate level of TLR9 expression (Table 1) . Cells were transfected with 5 mg of plasmid-expressing green fluorescent protein (GFP) using Lipofectin or electroporation and 24 h later, transfection efficiency was evaluated by the number of GFP-expressing cells (Figure 1a) . Electroporation parameters were adjusted so that equivalent transfection efficiency was achieved with both methods. Expression of IL-8, as measured at the mRNA and protein levels by real-time reverse transcriptase-polymerase chain reaction and enzyme-linked immunosorbent assay (ELISA), respectively, was used as an indicator of activation of the TLR9 pathway. Neither Lipofectin nor electroporation activated IL-8 expression in HEK 293-TLR9-null cells (Figure 1b and c) . By contrast, in TLR9-expressing HEK293-TLR9+ cells, Lipofectin-mediated transfection increased IL-8 mRNA expression more than 10-fold, whereas electroporation caused less than a twofold increase. Similar results were seen in A549 cells where IL-8 mRNA expression increased more than sixfold following liposome-mediated transfection but increased 2.5-fold with electroporation. Although increases in IL-8 protein levels were less pronounced, the same trends were observed. To ensure that electroporation itself did not blunt the TLR9-signaling ability of the cells, a control experiment was also carried out in which cells were electroporated in the absence of plasmid and then treated 10 min later with a CpG-containing oligonucleotide (ODN M362). As expected, TLR9-expressing cells were still able to respond to the oligonucleotide after being electroporated by producing IL-8. We next studied the inflammatory response in mice following DNA delivery. A single dose of 20 mg luciferase-expressing plasmid DNA was delivered to the mouse lung via the trachea either by electroporation or by liposomes, as described. 14, 22 One day after gene transfer, at the height of transgene expression, BALF was Figure 2 Cytokines in BALF 24 h after gene transfer into mouse lung. Mice were given 100 ml of plasmid (0.2 mg/ml) in 10 mM Tris, pH 8, 1 mM EDTA and 140 mM NaCl, delivered by intratracheal injection and immediately electroporated at 200 V/cm using eight pulses of 10 ms duration each. For liposomal gene delivery, 20 mg plasmid DNA was mixed with 100 ml of DOTAP:DOPE (1:1 w/w; 2 mg/ml) and injected intratracheally. Twenty-four hours later, BALF was collected and cytokine levels were assayed by Cytometric Bead Array (BD Biosciences). Mean levels7s.e.m. are shown (n ¼ 4).
Electroporation-mediated transfer of lungs R Zhou et al collected to evaluate the cytokine levels in the mouse lung. Although liposome-mediated gene transfer induced high levels of the pro-inflammatory cytokines IL-6, IL-12, TNF-a and IFN-g, electroporation-mediated gene transfer was accompanied by levels of IL-6, IL-12 and IFN-g that were only slightly above background (Figure 2) . Only TNF-a showed a moderate increase with electroporation, but was only 2.4-fold higher than DNA alone and threefold lower than that seen following liposome transfection (Figure 2) . These results are consistent with the data from cultured cells that electroporationmediated plasmid DNA gene transfer does not induce significant inflammatory response to bacterial CpG containing plasmid DNA.
Because alveolar macrophages play an important role in acute lung inflammation, we asked whether the observed inflammation was mediated by alveolar macrophages or resident pulmonary epithelial cells. Two days before gene transfer, clodronate was delivered via the trachea into mouse lungs to deplete alveolar macrophages. 23 Following the depletion of alveolar macrophages, the profiles of cytokine levels were similar to those without clodronate treatment (Figure 3 ), suggesting that alveolar macrophages are not responsible for the inflammatory response to liposome-mediated plasmid DNA gene transfer. However, unlike in untreated animals, TNF-a levels failed to increase with electroporation, suggesting that the slight activation of TNF-a seen in macrophage-replete mice may be due to macrophage activation, unlike the other cytokines. Further, the fact that alveolar macrophages, at least in mice, do not appear to express TLR9, 24 supports our findings that the inflammation observed in liposome-mediated gene transfer is most likely mediated by resident epithelial cells.
It is well established that the inflammatory response induced by liposome-mediated transfection of plasmids and unmethylated CpG oligonucleotides is mediated by TLR9; when TLR9 is absent, transfection of unmethylated CpG-containing DNA does not activate the TLR9 signaling pathway that leads to activation of the inflammatory cytokines expression, such as IL-8.
2 Con- Figure 3 Cytokines in BALF 24 h after gene transfer into mouse lung, after alveolar macrophage depletion. Mice were given 100 ml clodronate (0.24 mg/ml) via intratracheal intubation to deplete pulmonary macrophages. Two days later, 100 ml of plasmid (0.2 mg/ml) was delivered intratracheally and electroporated or delivered by liposomal gene delivery, as described in Figure 2 . Twenty-four hours later, BALF was collected and cytokine levels were assayed by Cytometric Bead Array (BD Biosciences). Mean levels7s.e.m. are shown (n ¼ 4).
Electroporation-mediated transfer of lungs R Zhou et al sequently, the lack of a TLR9-mediated immune response following electroporation-mediated DNA delivery was intriguing, given the central role of this pathway in the inflammatory response to non-viral vectors. Our results suggest that this lack of inflammatory response is due to the nature of gene delivery during electroporation. When an external electric field is applied, the plasma membrane is transiently permeabilized, allowing plasmids to translocate directly into the cytoplasm before the electropermeabilized pores reseal, 25,26 independent of endocytosis. Although TLR9 is located in endosomal/ lysosomal compartment and endosome maturation is required for TLR9 activation by CpG ODN, 16, 17, 19, 20 it fails to be activated during electroporation-mediated gene transfer.
Although it may seem counterintuitive that naked DNA in the absence of liposomes or electroporation failed to stimulate TLR9-dependent inflammation in either cultured cells or the lung, despite the presence of multiple CpG motifs in the bacterial DNA, it is not surprising as these plasmids are not taken up by the cells to any great extent. Indeed, naked DNA cannot effectively transfect cells to any great degree in the absence of carriers such as liposomes or polymers because of its relative inability to be endocytosed by the cells. Others have observed a similar lack of inflammation by naked DNA delivered either locally through the airways or systematically through tail-vein injection. 9, 27 Further, it has been shown in macrophages that activation of TLR9 by naked CpG-containing DNA requires endosomal acidification, 28, 29 supporting the fact that endocytosis of the DNA is a prerequisite for TLR9 pathway activation.
Apart from inducing an acute inflammatory response, TLR9 activation may result in decreased gene expression and duration of expression. In a recent study from the Gill and Hyde groups, it was found that naked plasmid DNA gives a more sustained expression level in the mouse lung than does liposome complexed plasmid. 8 When comparing the persistence of plasmid retained in the mouse lung with a previous study, they found no significant loss of naked DNA over 14 days, but the levels of the same plasmid DNA delivered via liposomes decreased significantly. 30 The authors speculated that this difference may be caused by differential host inflammatory responses. Thus, delivery by physical methods that prevent this initial inflammatory response may be beneficial for both safety reasons as well as expression profiles.
